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ABSTRACT 


Results  of  an  experimental  study  on  the  dynamic  properties 
of  S-200-E  beryllium  are  presented.  Areas  studied  included 
uniaxial  stress  behavior/  elastic  constants,  equation  of 
state,  elastic  precursor  decay,  and  shock  wave  profiles.  The 
material  showed  a  yield  "plateau"  and  then  significant  strain 
hardening,  and  exhibited  strain  rate  sensitivity.  Longitudinal 
and  shear  wave  velocities  at  20 °C  were  12.84  and  8.86  mm/usec. 

The  shock  wave  equation  of  state  up  to  30  kb  was  determined  to 
be  linear:  cR  =  0.7  +  152.7  u^.  Compressive  wave  tests  showed 
a  ramped,  non-steady-state  elastic  precursor,  and  shock  wave  pro¬ 
files  showing  both  release  behavior  and  attenuation  were  obtained. 
Scanning  microfractographs  were  taken  of  spall  fracture  surfaces. 
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INTRODUCTION 


This  study  of  S-200-E  beryllium  was  conducted  under  the  PREDIX 
program  initiated  by  the  Defense  Nuclear  Agency  In  addi¬ 

tion  to  beryllium,  the  program  included  studies  of  S061-T6 
aluminum ^  ,  alpha  titanium ^  ,  OFHC  copoer^  ,  tantalum^  , 

/  C.  \ 

and  poly (methylmethacrylate)  v  '  .  Beryllium  was  not  studied 
under  this  program  in  as  much  detail  as  the  other  metals  since 
a  large  amount  of  dynamic  response  data  was  already  available 
in  the  literature. 

The  primary  areas  studied  were:  (1)  uniaxial  stress  behavior; 
(2)  elastic  constants;  (3)  equation  of  state;  (4)  elastic  pre¬ 
cursor  decay;  and  (5)  shock  wave  profiles.  The  experimental 
techniques  utilized- in  this  study  are  reviewed  in  Reference  7. 
Briefly,  the  principal  techniques  were: 

Stress-Strain  Studies  -  A  laboratory-type  universal 
testing  machine  was  used  for  uniaxial  stress  tests. 

Elastic  Constants  -  A  pulse  transmission  overlap 
method  was  used  for  measuring  longitudinal  and  shear 
wave  velocity. 

Equation  of  State  -  Gun-launched,  flat-plate  impact 
techniques  were  used  to  generate  uniaxial  strain 
conditions.  Velocities  up  to  0.5  mm/psec  were 
achieved  with  a  102  mm  single-stage  compressed-gas 
gun,  and  hugoniot  data  were  obtained  with  x-cut 
quartz  gages. 

Wave  Propagation  -  Flat-plate  impact  techniques  were 
also  used.  Wave  profiles  were  measured  with  x-cut 
quartz  gages  and  a  laser  velocity  interferometer. 
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MATERIAL  PROPERTIES 


The  beryllium  tested  had  the  designation  S-200-E,  Type  1, 
and  was  purchased  from  the  Brush  Beryllium  Company.  The 
specification  sheets  describing  this  grade  of  beryllium  and 
its  acceptance  standards  are  given  in  Appendix  A.  All  test 
specimens  were  machined  from  the  same  billet,  identified  as 
Lot  No.  8494,  and  material  certification  is  given  in  Table  I. 
Shock  wave  test  specimens  were  machined  in  the  form  of  discs 
with  the  disc  axis  (and  therefore  shock  wave  propagation 
direction)  parallel  to  the  pressing  direction.  In  addition, 
orthogonal  specimens  were  machined  for  metallographic  obser¬ 
vation  and  ultrasonic  measurement.  Density  determined  for 
several  specimens  was  1.850  ±  Q.QQ2  g/cc.  Hardness  was  mea¬ 
sured  as  52R  and  65R_. 

A  G 

Grain  structure  of  the  material  is  shown  in  Figure  1.  There 
was  little  evidence  of  structure  or  texturing  due  to  the 
pressing  and  sintering  operation,  however,  there  may  have 
been  crystallographic  anisotropy  which  would  not  be  detected 
by  conventional  photomicrography.  The  as-received  material, 
when  suitably  prepared  to  eliminate  machining  and  polishing 
artifacts,  showed  a  generally  equiaxed  structure  (10-20  urn 
grain  size)  with  almost  no  evidence  of  twins. 


Dilatational  (longitudinal)  wave  velocity  was  measured  in  the 
pressing  direction  (Z)  and  orthogonal  or  transverse  to  the 
pressing  direction  (X  and  Y) ,  at  1  MHz.  Shear  (transverse) 
wave  velocity  measurements  were  made  at  5  MHz.  Results,  in¬ 
cluding  elastic  constants  calculated  assuming  isotropic  be¬ 
havior  were: 
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TABLE  I  -  S-200-E  BERYLLIUM  CERTIFICATION 


THE  BRUSH  BERYLLIUM  COMPANY 

Clavtkd,  01.' ©  •  Timor©,  Ohio  »  Hayward,  Colffom.’j 


*'  -TER I AL  CERTIFICATION 


Customer: 


GM  •  ^perti^a  -  -•!  ’■/»,■»  ii-ion 
GM  V  i'nical  Cent..- 
12  Kil..  .Jld  Moun  :-3 
Warren,  Michigan  r<?\90 


Bate:  J«ne  16,  1971 

S.O.#:  D  999 

P. 0. #;  MD  7105755 


Material  Cescr i pt r o.i:  Specification:s-200-E,  Type  i 

Lot  No.  8494,  One  (1)  Beryllium  Disc  No.  A-l  from  Sketch  No.  II 

Lot  No.  6494,  One  .  "'•eryllium  Disc  No.  B-l  from  Sketch  No.  II 

Lot  No.  6494,  Or.e  (1)  Beryllium  Disc  No.  C-l  from  Sketch  Nc.  II 


CHEMICAL  COMPOSITIONS:  (ffi.l) 

ECHANICAL  PR 

ornuiEs 

ELEMENT 

Lot  No. 
R49A 

OIR. 

FTU 

FTV 

*El 

Lot  8494 

57,900 

56,100 

38,200 

38,700 

4.9 

4.1 

Be 

98.55 

Trans. 

Trans. 

BeO 

1.39 

C 

.07 

Fe 

.10 

A1 

.02 

Mq 

.004 

Si 

.03 

1 

_ i _ 

OENSITV  jr/ee- 

1.85 

AVO  GRAIN  SIZE:  (Micron*) 

10.3  Microns 

* 

RAOtOQRAPHIC  INSP.  PER 

MIL-STD-453 

JENETRANT  INSP.  PER 

MIL— 1-6866 

ADDITIONAL  INFORMATION: 

OTHER 

ELEM.EA. 

-.04 

OTHERS 

TOTAL 

This  is  to  certify  that  the  above  material  satisfies  the  requirements  of  Specification  s-200-e.  Type  i 


nraning  No.  II  Purchase  flrderMD  7105755 


cc* 

Shipping  (3)  Sales  (I)  Fi le  (1) 


.and  was  removed  from  Pressing  No.  8494 
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Figure  1  S-20Q-E  Beryllium  Grain  Structure 
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Pressing 

Direction 

(2) 

Orthogonal 
Direction 
(Average 
of  X  &  Y) 

Dilatational  Wave  Velocity 
(mm/psec) : 

12.84+0.04 

12 . 57±0 . 1 

Shear  Wave  Velocity 
(mm/psec) : 

8.86+0.04 

8.82+0.1 

Shear  Modulus  (kbar) : 

1453 

1440 

Bulk  Modulus  (kbar) : 

1114 

1005 

Young's  Modulus  (kbar) : 

3038 

2923 

Lame"' s  Parameter  (kbar): 

145.6 

44.8 

Poisson's  Ratio: 

0.046 

0.015 

The  data  indicated  there  is  some  elastic  anisotropy  between 
the  pressing  and  orthogonal  directions,  with  significant 
differences  in  calculated  values  for  Lame's  parameter  and 
Poisson's  ratio. 

Although  temperature  and  pressure  dependence  of  elastic  wave 
velocities  was  not  determined  for  this  beryllium,  Silversmith 
and  Averbach  '  and  Voronov  and  Verseshchagin v  1  have  reported 
data  on  pressure  dependence  of  elastic  constants  for  beryllium 
and  Baldwin has  reported  temperature  dependence  data. 

Values  for  the  Gruneisen  parameter  and  Debye  temperature  at 
25°C  were  ca’culated,  using  thermal  expansion  and  specific 
heat  data  taken  from  the  literature: 


^t,V  JVC?  >p^>,1yi^?  j  -'v'Vf^i'W  V5Tvs*j 
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0  =  1430  °K 

for  N  =  2  (atoms  per  unit  cell) , 

*  -21  3 

J  =  16.2  x  10  mm  ,  C.  =  12.84  mm/ysec 

JLi 

and  Cg  =  8,86  mm/ysec. 


) 

t 

I 


*  2  0 
The  unit  cell  volume  =  0.86  6  a  c,  where  a  =  2.2856A 

and  c  =  3.584A.  (15) 
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UNIAXIAL  STRESS  BEHAVIOR 


The  deformation  behavior  of  various  grades  of  beryllium  has 
been  extensively  studied  and  the  reader  is  referred  to 
References  16  to  24  for  details  of  some  of  the  more  recent 
work.  For  the  subject  beryllium,  uniaxial  stress  tests  were 
conducted  in  compression  at  two  strain  rates  and  under  re¬ 
verse  loading  conditions.  Results  of  the  compression  tests 
are  given  in  Figure  2  and  show  a  well-defined  yield  with  no 
strain  hardening  out  to  a  few-tenths  percent  strain  (depend¬ 
ing  on  strain  rate)  and  then  significant  strain  hardening  at 

larger  strains.  For  an  increase  in  strain  rate  from 
_  3 

0.2  x  10  sec  to  0.2  sec,  the  yield  and  flow  stress  in¬ 
creased  about  15%. 

t 

* 

Results  of  the  reverse  loading  or  Bauschinger  effect  tests 
are  given  in  Figures  3  and  4.  In  these  tests,  the  specimens 
were  first  loaded  in  compression  until  some  specified  strain 
was  reached  and  then  immediately  reloaded  into  tension.  A 
different  specimen  was  used  for  each  test,  and  in  one  case 
(see  Figure  -.)  the  reloading  strain  rate  was  about  a  factor 
of  ten  higher  then  the  initial  loading  rate.  There  was  no 
indication  of  the  yield  "plateau"  upon  reloading  and  the 
reverse  loading  curve  became  slightly  steeper  and  higher 
with  increasing  plastic  prestrain.  Note  that  the  specimens 
prestrained  to  2%  and  3%  fractured  at  less  tnan  2%  strain  in 
tension.  This  is  significantly  lower  than  the  4  to  5%  tensile 
_ 

The  Bauschinger  effect  can  be  defined  as  the  reduction  in 
stress  at  a  given  strain  in  the  reverse  direction  compared 
to  that  in  the  original  loading  direction. 
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strain- to- fracture  reported  in  the  material  certification 
(Table  I) .  There  was  a  small  strain  rate  effect  on  reloading 
as  indicated  by  the  slight  increase  in  flow  stress  at  the 
higher  rate  indicated  in  Figure  4. 
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EQUATION  OF  STATE 


Several  tests  were  conducted  to  determine  the  low  pressure 
equation  of  state  for  this  beryllium  for  use  in  wave  propa¬ 
gation  calculations.  Considerable  work  had  been  done  pre- 

i 

Piously  on  S-200-E  and  other  grades  of  beryllium  (see, 
e.g..  References  25-29),  and  much  of  this  work  has  been 
summarized  in  a  review  by  Davison  and  Johnson .  Equation 
of  state  data  was  obtained  with  x-cut  quartz  gages,  and  a 
representative  direct  impact  record  is  shown  in  Figure  5. 

Note  that  there  is  a  slight  stress- relaxation  in  the  first 
50  nsec  and  it  was  the  relaxed  stress  level  that  was  used  as 
the  equilibrium  hugoniot  point.  Also  shown  in  Figure  5  are 
representative  wave  profile  records  from  a  quartz  gage  test 
and  a  velocity  interferometer  test.  These  results  are  dis¬ 
cussed  later  in  this  report. 

The  equation  of  state  for  S-200-E  beryllium  for  3  to  30  kbars 
was  determined  as: 


a  =  0.7  +  152.7  u  (1) 

H  p 

where  a„  is  hugoniot  sl-°ss  (kbar)  and 

ri 

Up  is  particle  velocity  (mm/psec) . 

Equation  1  was  obtained  by  doing  a  least  squares  fit  to  the 

six  data  points  shown  in  Figure  6.  Two  of  these  points  were 

(25) 

taken  from  Froula's  earlier  work  on  S-200  beryllium  .  A 
linear  a„  -  u  relation  gave  the  best  fit  to  the  data  and  had 

n  p 

a  standard  error  of  0.6  kbar.  Estimated  error  for  the  data 
points  was  ±  2%  for  a„  and  ±  1%  for  u  . 

Cl 


•li.'i’j-1^  '•  ‘  ’  y* >  '*■  *"*  •n'  ‘c  va^ 
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TIME 


QUARTZ  DIRECT  IMPACT 
(Buffered) 

Be— ►  WC/Qz 
V  |  =  0. 1484mm//isec 

0^  •  20  kbar 


QUARTZ  TRANSMITTED  WAVE 

AI-^Be/Qz 
V |  *  0. 1501mm//isec 

X  *  9. 15 mm 

(7,,  *  12  kbar 
r! 


VELOCITY  INTERFEROMETER 

FQ  — ►  B  e/FQ 
V  |  =  0. 1558mm/A»sec 

X  =  6. 172mm 

Figure  5  Experimental  Records,  Quartz  Gage  and 
Velocity  Interferometer,  S-200-E 
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The  stress-compression  and  mean  pressure-compression 
response  was  calculated  from  Equation  1  by  assuming  an 
ideal  elastic-plastic  wave  structure  with  equilibrium  in¬ 
itial  and  final  states  and  applying  mass  and  momentum  con¬ 
servation  equations.  This  gave: 


o„  =  1.3  +  1220  y 

rt 

P„  =  1220  y 

n 

where  P„  is  hydrostatic  pressure 

ri 

(kbar)  and  y  is  compression 


(2) 


The  hydrostat  (PH  -  y)  was  obtained  by  subtracting  the 
stress-axis  intercept  value  from  the  aH  -  y  equation. 

This  approach  satisfies  the  requi-  sment  that  the  PH  -  y 
function  pass  through  zero  but  assumes  the  deviatoric 
stress  component  (oD)  constant  at  1.3  kbar,  i.e.,  no  strain 
hardening.  A  more  rigorous  treatment  would  treat  aD  as 
a  function  of  strain  and  would  include  consideration  of 
anisotropic  effects. 

The  linear  form  of  Equations  1  and  2  implies  a  constant 
plastic  wave  velocity  which  was  calculated  to  be  8.25  mm/ysec= 
Although  it  is  recognized  that  actual  material  response  does 
not  satisfy  exactly  an  ideal  elastic-plastic  structure  with 
constant  shock  velocity  .his  assumption  is  considered 
justified  for  the  relatively  small  range  in  stress  (3  to  30  kbar) 
to  which  it  has  been  applied.  Also  for  this  stress  range,  the 
plastic  wave  is  so  ramped  as  to  make  consideration  of  whether 
shock  velocity  is  constant  or  a  function  of  particle  velocity 
an  academic  point. 


16 
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For  comparison,  the  hydros tat  as  determined  from  ultrasonics 
data(8)  is 


I 


l 

\ 


PH  =  247  [ (1  +  n)4,5  -  1]  (3) 

(Murnaghan  equation  of  state) 

and  from  hydrostatic  compression  data^0^  is 

=  0.977  x  10~3  PR  -  3.92  x  10"6  Pjj  (4) 

(For  stresses  up  to  30  kbar,  the  corrections  from  isothermal 
or  isentropic  conditions  to  the  hydros  tat  are  less  than  1% 
and  have  been  neglected) . 


* 

} 

i 

I 

l 

i 

t 

r 


The  hydrostat  as  determined  from  Equations  2  to  4  is  shown  in 

Figure  7.  The  shock  wave  hydrostat  is  slightly  higher  than 

the  ultrasonics  or  hydrostatic  compression  curves,  however, 

inclusion  of  strain  hardening  and  other  effects  .in  obtaining 

P„  -  u  from  a..  -  u  would  reduce  this  difference. 

H  H  p 

Since  twinning  can  be  an  important  deformation  mode  in 
(31) 

beryllium  ,  several  recovered  specimens  were  examined  metal- 

lographically  and  are  compared  to  the  as-received  material  in 
Figure  8.  There  were  almost  no  twins  visible  in  the  as-received 
material  or  after  shocking  to  12  kbars.  At  24  kbars,  however, 
twinning  is  observed,  although  affecting  only  a  few  percent  of 
the  observed  area. 


MANUFACTURING  DEVELOPMENT  •  GENERAL  MOTORS  CORPORATION 


MSL-71-23 

WAVE  PROPAGATION 


COMPRESSIVE  WAVES 

Compressive  wave  tests  were  carried  out  using  x-cut  quartz 
gages,  primarily  to  determine  elastic  precursor  decay  behavior. 
Data  of  this  type  is  useful  in  evaluating  certain  parameters 
in  dislocation  models  of  compressive  wave  development  (see 
e.g.,  Refs.  32  and  33).  Results  for  S-200-E  beryllium  are 
shown  in  Figure  9.  The  elastic  wave  shows  a  rise-time  greater 
than  can  be  attributed  to  experimental  effects,  such  as  tilt. 
This  behavior  has  been  reported  for  other  grades  of  beryl¬ 
lium.-  ^26  '  for  uranium,  ^ 34 ^  and  for  copper. Although 
a  ramped  elastic  wave  seems  characteristic  of  polycrystalline 
beryllium,  single-crystal  beryllium  shows  a  fast- rising  elastic 
wave  with  about  a  factor  of  10  variation  in  precursor  level 

depending  on  crystal  orientation  (with  propagation  along  the 

(34) 

c-axis  giving  the  highest  value) .  This  anisotropy  could 

contribute  to  smearing  or  spreading  of  the  elastic  wave  front 
in  a  polycrystalline  material  with  randomly  oriented  grains. 

The  initial  elastic  stress  level  (at  impact)  was  v  15  kbar 
and  has  decayed  'v  65%  by  1.74  mm.  Although  the  yield  in  uni¬ 
axial  strain  is  not  well-defined,  the  precursor  continues  to 
decay  at  longer  propagation  distances  and  appears  to  be  ap¬ 
proaching  an  equilibrium  or  steady-state  elastic  limit  of  3  to 
4  kbar.  For  comparison,  the  hugoniot  elastic  ? intit  can  also  be 
estimated  from  uniaxial  stress  data  and  from  the  elastic  and 
plastic  hugoniofcs: 


20 
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A.  Uniaxial  Stress 

°e  "  %  (£k)  <5> 

where  is  hugoniot  elastic  limit,  is 
yield  in  uniaxial  stress,  and  v  is  Poisson's 
ratio. 

Strain  Rate  a 

-1  e 

{Sec  (kbar) 

0.2  x  10"3  3.2 

0.2  3.6 

B.  Hugoniots 

10  P0  CL  ue  =  A  +  Bue  (6) 

where  ug  is  particle  velocity  at  the 
elastic  limit. 


Solving  for  ug  gives : 

ug  =  0.0083  mm/ys 

/.a  =2.0  kbar 

e 

Complete  compressive  wave  development  is  shown  in  Figure  10 
for  two  propagation  distances.  The  ramped  elastic  wave  is 
evident,  as  well  as  spreading  of  the  plastic  wave  which  indi¬ 
cates  steady-state  wave  behavior  has  not  been  achieved.  The 
arrows  in  Figure  10  indicate  calculated  plastic  wave  arrival 
time,  assuming  a  shock  velocity  of  8,25  mm/ysec.  Although 
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Figure  10  Compressive  Waves 
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the  calculated  plastic  wave  velocity  lies  within  the  rise-time 
of  the  measured  wave,  the  plastic  wave  is  not  a  step  pulse  and 
shows  spreading  with  propagation  distance  at  this  stress  level. 
This  means  that  transformation  of  the  hugonioc  from  the 
aH  -  Up  plane  to  oH  -  u  by  assuming  ideal  elastic-plastic  wave 
structure  and  steady- state  conditions  may  lead  to  some  uncer¬ 
tainty.  The  transit  time  for  the  elastic  wave  was  measured 
on  the  9.15  mm  test  and  gave  a  velocity  for  the  initial  wave 
arrival  of  12.8  ±  0.1  mm/nsec. 


RELEASE  WAVES  AND  ATTENUATION 

Complete  wave  profiles  were  obtained  using  the  laser  velocity 

interferometer.  All  tests  on  S-20C-E  were  carried  out  with 

fused  quartz  impactors.  This  gives  a  "square"  input  wave  to 

★ 

the  target,  with  a  nearly  instantaneous  release  at  the  im- 
pactor- target  interface.  In  order  to  provide  a  free  surface 
on  the  rear  of  the  impactor  yet  prevent  fracture  during  ac¬ 
celeration,  the  fused  quartz  is  supported  by  aluminum  honey¬ 
comb.  The  contact  area  is  ^  1%  and  is  assumed  to  have  a 
negligible  effect  on  the  release  wave.  A  representative 
impactor  and  target  assembly  are  shown  in  Figure  11.  Note 
the  honeycomb  behind  the  fused  quartz  impactor.  Also,  the 
rear  of  the  target  is  pictured,  showing  the  fused  quartz 
"window"  and  an  aluminized  spot  at  the  target/window  inter¬ 
face.  Test  conditions  for  all  velocity  interferometer  tests 
are  listed  in  Table  JI  and  the  profiles  are  given  separately 
in  Appendix  B  for  reference. 

* 

The  compressive  wave  is  not  released  completely  to  zero, 
however,  due  to  slight  impedance  differences  between 
fused  quartz  and  beryllium. 
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Complete  wave  profiles  are  shown  in  Figure  12  for  various 
propagation  distances  and  impact  velocities.  E/en  with  the 
high  resolution  velocity  interferometer,  the  elastic  wave 
rise-time  is  40  to  80  nsec.  The  behavior  of  the  elastic  por¬ 
tion  is  not  completely  consistent,  e.g.,  the  level  for  Test 
No.  4  is  lower  but  slightly  steeper  than  for  Test  No.  1,  yet 
both  had  the  same  propagation  distance.  Since  the  interfero¬ 
meter  records  were  of  good  quality  for  these  tests  and  in-' 
erpretation  was  straight-forward,  these  differences  are  be¬ 
lieved  to  be  real  and  due  to  material  effects  which  would 
include  material  variability.  Also  note  the  ramped  top  of 
the  wave  for  Test  No.  4.  This  is  also  believed  to  be  a 
material  effect  although  it  is  possible  that  a  slight  shift 
in  light  level  of  the  reflected  laser  beam  could  cause  similar 
behavior.  The  release  wave  is  dispersive  showing  spreading 
with  propagation  distance,  but  does  not  have  a  distinct 
elastic-plastic  structure. 


Test  No.  1  from  Figure  12  is  compared  to  a  wave  profile  ob¬ 
tained  for  a  high-purity  beryllium  in  Figure  13.  This  high- 
purity  (HP)  beryllium  had  'v*  0.03%  BeO  content  and  was  supplied 
in  the  form  of  wrought  plate.  The  material  is  described  in 
detail  in  Reference  26.  The  principal  differences  in  the  re¬ 
sponse  of  the  two  materials  are  a  more  ramped  and  poorly-de¬ 
fined  elastic  wave  and  a  ramped  wave-top  for  the  HP  material. 

Attenuated  waves  in  S-200-E  are  shown  in  Figure  14.  Again, 
the  precursor  levels  are  not  entirely  consistent.  Although 
the  amount  of  attenuation  is  relatively  small  (<  15%) ,  these 
profiles  should  provide  a  reasonable  check  for  models  of  com¬ 
pressive  and  release  wave  development  and  propagation. 
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Figure  12  Complete  Wave  Profiles,  S-200- 
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FRACTURE 


Fracture  in  beryllium  was  studied  by  measuring  wave  profiles 

under  spall  producing  conditions  and  by  examination  of  fracture 

surfaces  with  a  scanning  electron  microscope.  A  detailed  study 

(35) 

of  spall  fracture  in  S-200  was  carried  out  by  Warnica  using 
target  recovery  and  examination  techniques,  and  no  additional 
recovery-type  tests  were  performed  on  the  present  beryllium. 

/  og  \ 

Spall  data  has  also  been  reported  for  high-purity  beryllium' 
and  N50A  beryllium^^  . 

Complete  wave  profiles  showing  spall  fracture  response  are 
given  in  Figure  15  for  S-200-E  and  high-purity  (liP)  berylliums. 
These  tests  had  a  fused  quartz  impactor  and  beryllium  target 
confiscation,  with  a  free  rear  surface  on  the  target  for  re¬ 
flection  of  the  compressive  wave.  Evidence  of  spall  fracture 
is  shown  as  a  reversal  of  the  release  wave.  The  amount  of  pull¬ 
back  (decrease  in  free  surface  velocity  to  the  point  of  first 
reversal)  may  be  related  to  the  spall  strength  of  the  material 

fcr  a  given  impact  geometry.  An  empirical  relation  for  this 

(34) 

was  given  by  Taylor  as: 

as  =  pC  (Aufs/2)  (7) 

where  dg  is  spall  strength,  p  and  C  are 
local  density  and  longitudinal  wave  speed, 
and  Au^s  is  pullback. 

The  data  in  Figure  15  gives  dg  -  8  kbar  for  S-200-E  and 

dg  =  3.5  kbar  for  HP,  for  these  particular  impact  conditions. 

For  comparison,  the  incipient  spall  velocities  as  estimated 
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Figure  15  Spall  Wave  Profiles,  Beryllium 
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* 

from  recovery  test  data  were  v  0.10  mm/usec  and  'v  0.055  mm/ysec 
for  S-200-E  and  KF  respectively.  The  calculated  spall  strength 
is  not  constant  for  a  given  material  since  it  is  proportional 

to  Auf  .  This  factor  has  been  found  to  change  with  target  tern- 

IS  I3n) 

perature,  pulse  width-,  and  pulse  shape  for  6061-T6  aluminum'  " 

and  beryllium  probably  shows  similar  behavior.  For  the  tests 

shown  in  Figure  15,  the  spall  plane  was  v  4.5  mm  from  the  target 

rear  surface. 

Fracture  surfaces  for  the  S-200-E  studied  under  the  present 

*  * ** 

program  are  shown  in  Figure  16  and  17  .  The  surface  is  essen¬ 

tially  the  same  for  a  low  strain  rate  test  (Figure  16)  and  a 
high  strain  rate  test  (Figure  17),  showing  some  evidence  of 
plastic  flow  but  with  brittle  fracture  facets. 

Fractured  specimens  were  available  from  several  previous  beryl¬ 
lium  studies, ^25, 26 ' 35 ' 36 ^  and  scanning  microfractographs  are 
shown  in  Figures  18  to  21.  These  specimens  were  from  spall 
tests  as  well  as  equation  of  state  tests  where  the  target  was 
recovered.  HP  beryllium  (Figure  18)  shows  a  brittle  failure 
mode  with  almost  no  plastic  flow.  Fracture  surfaces  from  HP, 
N50A,  and  S-200-E  are  compared  in  Figure  19,  and  show  signifi¬ 
cant  differences  in  terms  of  fracture  facet  size.  The  influence 
of  target  temperature  on  fracture  surfaces  in  S-200-E  and  HP  is 
shown  in  Figures  20  and  21.  There  appears  to  be  a  slight  in¬ 
crease  in  "ductility"  at  538°C  for  the  S-200-E  but  no  signifi¬ 
cant  change  at  260°C  for  either  beryllium. 

* 

The  impact  spall  velocities  could  not  be  obtained  directly 
since  the  recovery  tests  were  for  like-into-like  conditions, 
i.e.,  beryllium-into-bery Ilium. 

** 

The  submicron  particles  visible  m  Figures  17  and  18  are 
contaminants  from  the  recovery  operation. 


33 


Figure  16  Tensile  Fracture  Surface,  S-200-E  (10  /sec) 


Figure  18  Spall  Fracture  Surface,  High-Purity 
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SPECIFICATION  SHEET 


THE  BRUSH  BERYLLIUM  COMPANY 

im«V.  CMAyt.  edrv^f  0.441  4U-4J00fAf*»:  JI6)*  TWX:  42t*M2*(Artt;«)0) 


QMV®  BERYLLIUM  BLOCK 
STANDARD  GRADES  S-100-E  AND  S-200-E 


Effective  October  2,  1967 

1. 

1.1  -nils  specification  defines  the  requirements  for  tvo  standard  grades 
of  QMV® Beryllium  designated  as  S-iOO  and  S-200.  In  addition,  tvo 
types  within  each  grade  are  defined  on  the  basis  of  radiographic 
quality. 

These  standard  grades  are  produced  by  hot  pressing  beryllium  powder. 
This  specification  covers  parts  and  shapes  that  are  machined  from 
hot  pressed  material. 

2.  Chemical  Composition 

2.1  Chemical  composition  shall  conform  to  the  following: 


S-100-E 

S-2G0-E 

98.5 

98.0 

1.2 

2.0 

0.14 

0.16 

0.15 

0.15 

0.16 

0.18 

0.08 

O.CS 

0.08 

0.08 

0.04 

0.04 

Beryllium  Assay,  %  min. 

Beryllium  Oxide,  %  max. 

Aluminum,  $  max. 

Carbon,  $  max. 

Iron,  $  max. 

Magnesium,  $  max. 

Silicon,  %  max. 

Other  Metallic  Impurities 
each,  max. 

2.2  Detailed  analytical  procedures  used  by  The  Brush  Beryllium  Company 
are  available  on  request. 

Density 

3.1  The  minimum  bulk  density  shall  be  1.8**  grams  per  cubic  centineter. 

3.2  Density  shall  be  determined  by  using  the  water  displacement  method. 
4.  Tensile  Properties 

4.1  Minimum  transverse*  tensile  properties  at  room  temperature  shall  be: 
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S-100-E  S-200-E 


Ultimate  Tensile  Strength,  psi,  minimum 
Yield  Strength  (0.2$  offset)  psi,  minimum 
Elongation  (jt  in  1  inch)  minimum 


35,000 

27,000 

1* 


40,000 

30,000 

l* 


*  Transverse  with  respect  to  the  direction  of  pressing. 


4.2  Test  methods  ASTO  E8-61T  and  Fed.  Test  Method  Std.  Ko.  151  are 
applicable.  Detailed  test  procedures  used  by  The  Brush  Beryllium 
Company  are  available  on  request. 

5.  Penetrant  Inspection 

5.1  Liquid  penetrant  Inspection  of  machined  surfaces  shall  reveal  no 
porosity  or  cracks. 

5.2  Llqul*'.  penetrant  inspection  shall  be  pe.  formed  in  accordance  with 
MIL- 1-6866  A,  Type  1  using  penetrants  and  a  dry  developer  conforming 
to  MIL-1-25135  Group  V.  Personnel  performing  this  Inspection  shall 
be  certified  in  accordance  with  MIL-STO-410. 

6.  Radiographic  Inspection 

6.J  Radiographic  indications  (voids  and/or  inclusions)  shall  conform 
to  the  requirements  as  established  and  defined  below: 

6.1.1  Requirements: 

Both  grades  of  material  shall  conrorm  to  the  requirements  defined 
in  6.1.2  as  follows: 


Maximum 

Dimension 


Type  I  O.O3O  inch 
Type  II  O.O30  inch 

6.1.2  Definitions: 


Maximum  Average 
Dimension 

0.020  inch 
0.020  inch 


Total  Combined  Volume 
Per  Cubic  Inch 

Sphere  0.050  inch  diameter 
Sphere  0.032  inch  diameter 


6. 1.2.1  Maximum  Dimensions  of  any  Indication.  Any  dimension 
of  any  Indication  measured  in  the  plane  of  the  radio¬ 
graph  shall  not  exceed  0.030  inch. 

6. 1.2.2  Maximum  Average  Dimension  of  any  Indication.  The 
average  dimensions  of  an  indication  shall  not  exceed 
0.020  inch.  The  average  dimension  of  an  indication 
shall  be  the  arithmetic  average  of  the  maximum  and 
minimum  dimensions  measured  in  the  plane  of  the 
radiograph . 
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6. 1.2. 3  Total  Combined  Volume  Per  Cubic  Inch  of  all  Indications. 

The  total  combined  volume  per  cubic  Inch  of  all  indications 
with  an  average  dimension  larger  than  0.001  Inch  shall  not 
exceed  the  volume  of  a  sphere  of  the  Indicated  diameter. 

6.2  Radiographic  Inspection  to  a  penetrameter  sensitivity  of  2$  shall 
be  performed  in  accordance  with  MiL-STD-453. 

7.  Grain  Size 

7.1  The  average  grain  sl2e  shall  not  exceed  25  microns. 

7.2  The  average  grain  size  shall  be  determined  in  accordance  with  ASTM 
E-112,  Section  7b. 

8.  Tolerances 

8.1  Material  furnished  under  this  specification  shall  conform  to  the 
dimensions  and  dimensional  tolerances  established  by  the  purchase 
order  and  applicable  drawings.  If  tolerances  are  not  specified  by 
the  purchase  order  the  following  standard  tolerances  shall  apply. 


Diameter,  Width  or  Thickness,  Inches 

ilp  to  3,  i>K  >  si vc 
Over  3  to  20,  Inclusive 
Over  20 


length, 


Inches 


Up  to  20,  Inclusive 
Over  20 

Surface  Flnjth 


Tol.  Inch 

-0  +  1/64 
-0  +  l/l6 
-0  +  1/4 


-0  +  1/8 
-0  +  1/4 


9-1  The  material  shall  be  furnished  with  e  machined  surface.  The 
standard  surface  finish  shall  be  125  microinches  ras  maximum. 


10.  Reports 


l/.l  Certification  of  compliance  with  this  specification  will  be 

furnished  on  request  and,  when  specified,  actual  test  results 
will  be  certified.  Testing  In  accordance  with  individual 
customer  Instructions  will  be  performed  If  mutually  acceptable 
and  actunl  test  results  will  be  certified. 
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10.2  A  report,  in  triplicate,  containing  the  following  information 
shall  be  furnished  for  each  shipment. 

Purchace  Order  Number 
Material  Specification  Number 
Part  Number 
Quantity  Shipped 


11.  Marking 

11.1  Each  part,  surface  area  permitting,  will  be  legibly  marked  to 
give  the  following  information: 

Specification  Number 
Lot  and/or  Part  Number 
Manufacturer's  Identification 
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APPENDIX  B 

WAVE  PROFILES 
(VELOCITY  INTERFEROMETER) 


NTERFACE  VELOC 


INTERFACE  VELOCITY  ( mm/xsec)  FREE  SURFACE  VELOCITY  (mm/xsec) 


